INTRODUCTION
Marine primary production (PP) in high latitudes is restricted to a short productive period when light levels are sufficient to enable algal growth. Summer sea ice extent controls the type, timing and magnitude of Arctic Ocean PP by limiting both light and habitat availability for the 2 main Arctic primary producers: ice algae living in association with the sea ice, and phytoplankton living in the water column (Leu et al. 2011) . Ice algal blooms occur in the early Arctic spring, starting as soon as very low light levels become available but sea ice cover still persists. Ice break-up terminates the ice algal blooms, but enables phytoplankton blooms as light becomes available ABSTRACT: Climate change is expected to change future Arctic marine primary production (PP) by reducing ice algal and increasing phytoplankton contributions. As most benthic macrofauna depend on PP from the euphotic zone for food, they could be vulnerable to changes in their food supply. To investigate the differential utilization of ice algae and phytoplankton food by benthic macroinfauna, isotope labelling experiments on dual 13 C-15 N labelled ice algae and phytoplankton were carried out at 2 sites in the Canadian Arctic. After 4 d, all animals collected at North Water Polynya (NOW; 709 m) and Lancaster Sound (LS; 794 m) exhibited isotope labelling. The C:N ratio of the macrofaunal biomassspecific uptake showed that all taxa were N-limited, and the uptake of algal C and N was often decoupled. Overall, the 2 macroinfaunal communities had different responses to the food items: in LS the accumulative biomass-specific uptake of phytoplankton C and N of all fauna was higher than uptake of ice algae, whereas in NOW ice algal C was more readily utilized. When taxa were examined individually, differences in food utilization by polychaetes, bivalves and crustaceans were site-specific, with no taxa exclusively exhibiting higher rates of ice algal uptake. The dietary plasticity observed between these sites suggests that benthic macroinfauna are able to efficiently utilize both ice algae and phytoplankton as a food source, and that the replacement of ice algae with phytoplankton food may not alter faunal feeding rates or their role in benthic nutrient cycling.
with open water conditions (Leu et al. 2015) . Historically, ice algae have contributed between 3 and 22% to overall PP in seasonally ice-covered regions (Gosselin et al. 1997 , Hegseth 1998 , Forest et al. 2011 . Climate change is, however, warming the Arctic at an unprecedented rate (IPCC 2014) , leading to such a fast summer sea ice loss that the region is likely to become free of summer sea ice by mid-century (Overland & Wang 2013) . The resulting earlier spring ice melt is likely to reduce ice algal PP , Søreide et al. 2010 , Leu et al. 2011 , while benefitting phytoplankton growth . Largely due to the longer phytoplankton growth period, total Arctic marine PP has been increasing at an estimated rate of 1.4 to 6% yr −1 since 1998 , Bélanger et al. 2013 .
Deep-sea ecosystems are largely reliant on the export flux of organic matter from the euphotic zone as a food source (Ambrose & Renaud 1995 , Gooday 2002 , and changes in both the quantity (Link et al. 2013a ,b, Lovvorn et al. 2016 ) and quality (Hansen & Josefson 2004 , Byrén et al. 2006 , Mayor et al. 2012 , Morata et al. 2013 ) of the food arriving to the seafloor have been shown to significantly impact the composition and functioning of benthic communities. Ice algae are thought to provide an important early spring food source for benthic consumers (Tremblay et al. 2006 , Morata et al. 2013 , North et al. 2014 , as temperature suppression of post-winter pelagic grazer growth allows for a high flux of intact ice algal cells to sink to the sea floor, tightly coupling benthic and pelagic processes (Coyle & Pinchuk 2002 , Hunt et al. 2002 , Kirchman et al. 2005 , Kędra et al. 2015 . If the ice algal growth season is drastically shortened, the reduced ice algal food availability might negatively impact benthic consumers, especially as the replacement of ice algae by phytoplankton-derived organic matter (OM) can also affect the quality of the food. Virtually all polyunsaturated fatty acids (PUFAs) in the lipid-driven marine ecosystem originate from algae (Dalsgaard et al. 2003 , Monroig et al. 2013 . PUFAs are essential for the growth and reproduction of marine consumers (Hudson et al. 2004 , McMahon et al. 2006 , Jónasdóttir et al. 2009 , Søreide et al. 2010 , Leu et al. 2011 , and therefore consumers must acquire PUFAs from their food. The relative proportion of PUFAs is usually higher in ice algae than in phytoplankton (Falk-Petersen et al. 1998 , McMahon et al. 2006 , Sun et al. 2009 , Wang et al. 2014 , making ice algae the superior quality food item.
Our current knowledge regarding the dietary importance of ice algae and phytoplankton to the Arctic benthic consumers is mainly based on studies that have used proxy techniques, such as natural stable isotope and biomarker analysis, to investigate the utilization of the 2 food items. These studies have shown that while the benthos in some areas seem to largely utilize ice algal food (Hobson et al. 2002 , Brown & Belt 2012 , Søreide et al. 2013 , Roy et al. 2015 , the contributions of ice algae to consumer diets in other areas seem negligible (Hobson et al. 1995 , Lovvorn et al. 2005 , McTigue & Dunton 2014 , North et al. 2014 . However, despite their usefulness in assessing longterm accumulation of different C sources into the consumer tissues, methodological restrictions associated with the analyses can make result interpretation difficult (Coffin et al. 1990 , Brown & Belt 2012 , or introduce a seasonal sampling bias underestimating ice algal contributions to consumer diets (Kaufman et al. 2008) . Experimental approaches can offer a complementary approach to investigating the food sources of benthic fauna. Feeding experiments involving subtidal or relatively shallow Arctic benthic communities have shown that both ice algae and phytoplankton are rapidly consumed (Sun et al. 2007) , and that certain benthic macrofaunal species or feeding guilds selectively feed on the high quality ice algae (McMahon et al. 2006 , Sun et al. 2009 ).
Isotope tracing experiments allow for a comparison of ice algae and phytoplankton uptake rates, directly assessing the differential consumption of both food types by benthic fauna. Dual labelling experiments on 15 N and 13 C isotopes can overcome bias related to the fact that faunal nutrient demand can impact their food selection, consequently leading to decoupled uptake of different compounds from the food (Sun et al. 2007 , Hunter et al. 2012 . Dual labelling also allows quantification of the role of macrobenthos in benthic C and N cycling, and an assessment of the poten tial impact of dietary change on these ecosystem services.
Here, we report on the results of 2 isotope tracing experiments conducted with deep-sea sediment communities from the North Water Polynya (NOW) and Lancaster Sound (LS) to assess the response of benthic macroinfaunal to ice algae and phytoplankton-derived OM. LS and NOW are among the deepest regions within the Canadian Arctic Archipelago (Kenchington et al. 2011 , Roy et al. 2015 , providing an interesting contrast to the shallow sites in the Chukchi Sea and Svalbard Archipelago where similar investigations have previously taken place (McMahon et al. 2006 , Sun et al. 2007 . Both sites are significant hotspots of Arctic macroinfaunal diversity and biomass (Thomson 1982 , Link et al. 2013b , and are thus ideal for examining the responses of a wide range of taxa to the 2 food sources. Additionally, natural stable isotope studies have suggested that both phytoplankton (Hobson & Welch 1992, Mäkelä et al. unpubl . data) and ice algae (Hobson et al. 2002 , Roy et al. 2015 ) are significant food sources for benthic fauna in the Canadian Arctic Archipelago, making NOW and LS interesting areas for directly comparing ice algal and phytoplankton uptake rates. The objectives of this study were to (1) quantify the uptake of ice algae and phytoplanktonderived C and N by benthic communities, (2) investigate differential processing of food items by different taxa and feeding guilds, and (3) investigate spatial differences in responses to the 2 types of food sources. Our hypothesis was that ice algae is the preferred food source for benthic macroinfauna at both sites, and thus the uptake of ice algae will be higher than the uptake of phytoplankton.
MATERIALS AND METHODS

Sampling sites
Field sampling took place during the ArcticNet 2013 cruise aboard the research icebreaker CCGS 'Amundsen'. The 2 sampling sites in NOW (Stn 124) and LS (Stn 323) are both situated in the western Baffin Bay region in the Canadian High Arctic (Fig. 1 , Table 1 ). Both areas are among the most biologically productive regions in the Arctic Ocean (Stirling 1980 , Hobson et al. 2002 , Lalande et al. 2009 , Roy et al. 2015 , with estimated annual particulate organic carbon (POC) production of 60 and 254 g C m −2 yr −1
in LS and eastern part of Northern Baffin Bay, respectively (Welch et al. 1992 . Indeed, the maxima of the production in NOW can be an order of magnitude higher than in adjacent Baffin Bay waters (Tremblay et al. 2002 , Caron et al. 2004 . Phytoplankton dominates the annual PP at both sites, with ice algae contributing 10% to PP in LS and 3% in NOW (Welch et al. 1992 , Michel et al. 2002a ,b, Tremblay et al. 2006 . Both sites thus fall within the typical range of 3 to 22% ice algal contribution reported for the seasonally ice covered parts of the Arctic (Gosselin et al. 1997 , Hegseth 1998 , Forest et al. 2011 . Peak phytoplankton blooms occur in July/August and May/June in LS and NOW, respectively , Tremblay et al. 2002 
Algal cultures
Prior to the experiments, axenic cultures of pennate ice algae species Synedra hyperborea (CCMP 1422, Bigelow Laboratory for Ocean Sciences) and centric phytoplankton species Thalassiosira nordenskioeldii (CCMP 995, Bigelow Laboratory for Ocean Sciences) were grown in the lab at 0°C on a 12 h light:12 h dark cycle in f/2 artificial seawater media, amended with 50% 13 C-bicarbonate and 50% 15 Nnitrate. Both species are common representatives of ice algal and phytoplankton communities in the Arctic Ocean (Horner & Schrader 1982 , von Quillfeldt 1997 , Heg seth 1998 , Lovejoy et al. 2002 , von Quillfeldt et al. 2003 , Ambrose et al. 2005 , Tamelander et al. 2009 ), and Thalassiosira spp. are especially common in NOW (Booth et al. 2002) . Centrifugationharvested algae were freeze dried and stored at −80°C until the research cruise. The average C and N contents for S. hyperborea were 22.3 and 3.0%, with a C:N ratio of 3.95, and for T. nordenskioeldii, 21.6 and 4.5%, with a C:N ratio of 3.52. The dried ice algae contained 60.1 at.% 
Sample collection and experimental design
Two USNEL box corers (0.25 m 2 ) were taken from the seafloor at each station to allow for the collection of 15 sediment cores (~40 cm tall, 9.4 to 10 cm diameter). Water temperature, salinity and dissolved oxygen concentrations were recorded 10 m above the seafloor with the ship's CTD profiler. The sediment level was 2/3 of the sub-core depth, topped up with unfiltered bottom water collected from the same site. The sub-cores were sealed and left to settle for between 8 and 15 h before starting the experiment. The water was continuously stirred during the experiments with magnetic rods attached to the core lids. At the onset of the experiments, the algae were suspended in bottom seawater collected at the sampling stations, and added to the experimental cores using a hypodermic needle to allow for an even distribution on the sediment surface. At each station, 3 cores were used as controls without algal addition, 6 cores received ice algae and 6 cores phytoplankton. The amount of algae added to the cores represented 25% of the estimated annual POC flux at each study region (Lalande et al. 2009) , with NOW receiving the equivalent of 1475 mg C m −2 , and LS, 600 mg C m −2 . To our knowledge, no direct POC export flux measurements for LS exist, and therefore the export flux data of Cape Bathurst Polynya was used as a reference point (Lalande et al. 2009 ). All 3 sites are known eutrophic hotspots in the Canadian Arctic, with the PP rates in Cape Bathurst Polynya placing between the rates of NOW and LS (Arrigo & van Dijken 2004 , Ardyna et al. 2011 . As the benthic−pelagic coupling in NOW and LS, however, appears tighter than in Cape Bathurst Polynya (Darnis et al. 2012) , this polynya was thought to be the best proxy for POC flux in LS in the absence of in situ measurements. The algal dose added to the cores was calculated according to the algal C content, and therefore the amount of algal N added varied according to the C:N ratios. In NOW, 198 mg N m −2 (ice algae) and 305 mg N m −2 (phytoplankton) were added, and in LS the doses were 81 mg N m −2 (ice algae) and 124 mg N m −2 (phytoplankton). The cores were incubated for 4 d, during which they were kept in darkness at 4°C. Oxygen concentration was monitored during the experiment using oxygen dipping probes (DP-PSt3 and Fibox 3 LCD-trace v6; PreSens) inserted in the cores via an opening in the core lids. At the end of incubation, the cores were sliced at 0 to 5 and 5 to 10 cm sediment horizons, and half of the top 5 cm slice was sieved through a 500 µm mesh to collect macrofaunal-sized animals for the tissue C 13 and 15 N tracer analysis, whereas the other half was used for phospholipid fatty acid analysis (A. Mäkelä et al. unpubl. data) . For the 5 to 10 cm layer, the entire core was used for macrofauna collection. The collected macrofauna were preserved in 4% buffered seawater formalin until analysis.
Sample preparation
In LS, bivalves and polychaetes were the dominant taxa by abundance and biomass, whereas in NOW, polychaetes dominated the community biomass but crustaceans were the most abundant taxa (A. Mäkelä et al. unpubl. data) . Specimens were identified to lowest possible taxonomic level, and when appropriate, assigned one of the following feeding guilds: facultative filter feeder/surface deposit feeder (FF/SDF), filter feeder (FF), predator/scavenger (P/S), subsurface deposit feeder (SSDF) or surface deposit feeder (SDF). Feeding guild identi fication was according to the literature sources (Fauchald & Jumars 1979 , Link et al. 2013b WoRMS, www.marinespecies.org, accessed 19 September 2016) . For the isotope signature calculations, cores were treated as replicate measurements, and all individuals of the same taxa in a particular core were combined together, dried, homogenized and analyzed as 1 sample. Invertebrate samples with carbonate structures were acidified in silver cups by adding drops of 1 M HCl to the samples until the samples stopped bubbling, indicating the calcareous structures and exoskeletons had been dissolved (Yoko yama et al. 2005) , and then allowed to dry without rinsing (Mateo et al. 2008 ). Due to the small size of the individuals, most samples had to be pooled at family (polychaetes and crustaceans) or phylum level (other taxa), with the exception of the dominant polychaete species Prionospio cirrifera, which could be analyzed separately. Echinoderm samples collected were extremely small, and samples from 5 different phytoplankton-addition cores in NOW had to be pooled together for analysis. The combined uptake by echinoderms was then divided between the 5 cores for total community and echinoderm uptakes. Samples from the 0 to 5 and 5 to 10 cm layers were analyzed separately, but the values were combined for the core average calculations during data analysis. In each core, unidentified faunal fragments were also pooled to gether for δ 
N analysis and calculations
The total C and N concentrations and the δ 13 C and δ 15 N natural abundance isotope ratios of the pooled animal samples were determined using a PDZ Europa ANCA-GSL elemental analyser interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon). During analysis, the samples were interspersed with several replicates of at least 4 different National Institute of Standards and Technology (NIST) laboratory standards (glutamic acid GLU, Nylon 5, USGS-41 glutamic acid, REF5 FIVER, IsoLife maize, bovine liver), which have previously been calibrated against NIST standard reference materials (IAEA-N1, IAEA-N2, IAEA-N3, USGS-40 and USGS-41). Long-term SD for the stable isotope measurements was 0.2 ‰ for 14 N ratio of the reference material for C or N. The international reference material for C is the Vienna Pee Dee Belemnite (R VPDB = 0.0112372) and for N it is the isotopic ratio of atmospheric N 2 (R atmN = 0.0036765).
As the animals were preserved in formalin and this is known to alter C isotope ratios (Bosley & Wainright 1999) , the δ 13 C signatures obtained were corrected by adding 1 ‰ to each value (Sarakinos et al. 2002) .
15 N values were not corrected as the effects of formalin preservation has been shown to be minor (Sara kinos et al. 2002) . The effect of preservation is, however, negligible compared to the tracer signature.
To quantify the uptake of algal biomass by the benthos, the incorporation of N (E) and the biomass of the specimen (in C or N units) (Moodley et al. 2005) , using the formula:
The specimen C and N biomass was derived from the dry mass of the specimens and the C and N content from the IRMS. E was calculated as:
where F = R / (R + 1) and R = (δ The final uptake of algae (I algae ) was then calculated as a quotient of the algal labelling factor for ice algae and phytoplankton (ice algae: 60.1 at.% 
For background isotope measurements, at each station the closest non-labeled taxonomic relative of each enriched macrofauna sample collected from the background cores was used for the calculations. For P. cirrifera the same species was used as a reference material, but for most samples, the genus or family level average was used for the calculations. Taxa identified to phylum, class or order level were compared with their background core counterparts. Both the total uptake (absolute value of measured algal C and N uptake) and the biomass-specific uptake (indicating uptake 'efficiency'), were calculated. In LS, 3 megafaunal-sized bivalves (2 Bathyarca glacialis and 1 Astartidae individual, only observations of each taxa at the site) were removed from the uptake cal -culations due to their extremely high biomass and uptake rates. The biomass-specific uptake was calculated for all samples, including the 3 large bivalves.
Statistical analysis
The 2 stations were investigated separately due to differences in the absolute amount of algal biomass added to the cores at the sites. Statistical tests were conducted for the whole community uptake, for each tested taxon (polychaetes, crustaceans, bivalves and pooled 'other' that included all other minority taxa, except the pooled echinoderm uptake from NOW phytoplankton cores) and for each feeding guild (FF/SDF, P/S, SDF and SSDF), except for FF where the number of replicates was not sufficient for statistical analysis. Additionally, the high abundance of polychaetes from the Family Spionidae allowed for their uptake of algae to be compared. For each analysis, differences in the total and biomassspecific C and N uptakes between ice algae and phytoplankton treatments were tested using an independent samples t-test, or when assumptions were not met, using a Mann-Whitney U-test. Normality of the data residuals was tested using the Shapiro-Wilk test and the homogeneity of residual variance was evaluated visually. See Tables 2 & 3 for data that were log 10 transformed to reach the normality assumption. Due to the small and uneven sample sizes and small deviations in equality of variance, a Welch correction was used for comparisons when appropriate (Quinn & Keough 2002) . Due to high natural variability in uptake rates between the cores, the results are reported at both p < 0.05 and p < 0.10 significance levels. Where 0.10 < p > 0.05, the exact result is explicitly stated in the text.
RESULTS
Total macroinfaunal uptake of ice algae and phytoplankton C and N
The uptake of both ice algae and phytoplankton was rapid, and all of the macrofauna samples showed Nlabelled. On average, the macro faunal community took up 7.9 ± 1.8 mg C m −2 and 1.2 ± 0.3 mg N m −2 in the ice algae cores, and 4.3 ± 0.9 µg C m −2 and 0.8 ± 0.2 mg N m −2 in the phytoplankton cores in NOW (Fig. 2) . This uptake corresponds to 0.5 ± 0.1 and 0.6 ± 0.2% of the total C and N added to ice algae cores, respectively, and 0.3 ± 0.1% of both C and N added to phytoplankton cores. No statistically significant difference in total C and N total uptake between the treatments was found ( Table 2 ). The total macrofaunal uptake of algae in LS were assessed without the contribution of 3 megafaunalsized bivalves, as their contributions to core biomass and uptake (4 mg C m −2 of ice algae and 11 and 25 mg C m −2 of phytoplankton each) were higher than the combined uptake of all other infauna in the cores. Without those bivalves, average uptake in the ice algae cores in LS was 3.1 ± 1.0 mg C m −2 and 0.3 ± 0.1 mg N m −2 , and in phytoplankton cores the uptake was 3.3 ± 0.4 mg C m −2 and 0.6 ± 0.1 mg N m −2 (Fig. 2) . This represented 0.5 ± 0.2% of added C and 0.4 ± 0.1% of added N in ice algae cores, and 0.6 ± 0.1% (C) and 0.5 ± 0.1% (N) in phytoplankton cores. No statistically significant difference in C uptake between the treatments was found (Table 3) , but the total phytoplankton N uptake was significantly higher than uptake of ice algal N (p = 0.063). In NOW, polychaetes dominated the total uptake of ice algal and phytoplankton C and N, and additionally, bivalves were significant in the uptake of ice algae (Fig. 3) . No taxa showed significant differences in ice algae and phytoplankton-derived C and N uptake except crustaceans, which took up more phytoplankton than ice algal-derived N (p = 0.055; Table 2 ). In LS, the total uptake of C and N from both algae was dominated by polychaetes (Fig. 3) . The total uptakes of ice algae-derived C and N by crustaceans were significantly higher than uptake of phytoplankton (Table 3 ). The other taxa compared did not show significant differences in C and N uptakes between treatments.
In NOW, the majority (> 70%) of the ice algaederived C and N was taken up by individuals belonging to the family Spionidae, with other families making minor contributions (Fig. 4) . In the phytoplankton cores, spionids and a single terebellid recovered in one of the experimental cores were responsible for the majority of the total phytoplankton C and N uptake. In NOW, 11% of uptake was attributed to unidentified polychaete fragments. The uptake of ice algal C by spionids was significantly higher than uptake of phytoplankton (p = 0.065), but no difference in N uptake was found (Table 2) . Also in LS, the family Spionidae was responsible for majority of the phytoplankton and ice algae-derived C and N uptake (Fig. 4) , but no statistically significant difference in their uptake between treatments was found (Table 3) . Contributions of other families to the total uptake of algae were minimal, and unidentified polychaete fragments accounted for ~17% of total C and N uptake in both treatment cores.
Total uptake of both algal types in NOW was dominated by FF/SDF (Fig. 5) . The FF/SDF uptake of ice algal C appeared higher than uptake of phytoplankton C (p = 0.076), but no difference in N uptake was found ( Table 2 ). The C or N uptakes of other feeding guilds were not significantly different between the treatments. FF/SDF also dominated the uptake of both algal types in LS, but additionally, uptake by FF in one of the phytoplankton cores was high (Fig. 5) . No significant differences in total feeding guildspecific C and N uptake between treatments was found (Table 3) . . Mean (± SE) total and biomass-specific uptake of ice algae and phytoplankton-derived C and N by macroinfaunal communities at (a−d) North Water Polynya (NOW) and (e−h) Lancaster Sound (LS). Differences in uptake between treatments were determined using an independent samples t-test; significant differences are indicated with asterisks: *p < 0.10; **p < 0.05 Table 2 . Statistical analysis comparing ice algae and phytoplankton-derived C and N uptakes for whole community, individual taxa and individual feeding guilds in North Water Polynya. FF/SDF: filter/surface deposit feeder; SDF: surface deposit feeder; SSDF: subsurface deposit feeder; P/S: predator/scavenger. U: Mann-Whitney U-test was applied instead of an independent samples t-test
Biomass-specific uptake of ice algae and phytoplankton C and N An opposite trend of ice algae and phytoplankton biomass-specific uptake was found between LS and NOW (Fig. 2) . In NOW, ice algae were taken up more readily than phytoplankton (3.5 ± 0.9 vs. 1.7 ± 0.3 µg C mg −1 and 2.7 ± 0.6 vs. 1.6 ± 0.3 µg N mg −1 ), whereas in LS, phytoplankton uptake was higher than uptake of ice algae (1.9 ± 0.4 vs. 0.9 ± 0.3 µg C mg −1 and 1.5 ± 0.3 vs. 0.4 ± 0.1 µg N mg −1 ). Biomass-specific C uptake in NOW was higher in ice algae treatment cores than in phytoplankton cores (p = 0.093), but no difference in N uptake was found between treatments (Table 2 ). In LS, the biomass-specific uptakes of phytoplankton C (p = 0.069) and N (p = 0.022; Table 3 ) were significantly higher than uptakes of ice algae-derived C or N (Fig. 2) .
In NOW, especially the bivalve biomass-specific uptake of ice algae and phytoplankton-derived C and N by was high (Fig. 3) . Additionally, the echinoderms in phytoplankton cores had biomass-specific uptakes of up to 9.7 µg C mg −1 and 5.1 µg N mg −1 , suggesting they were highly efficient in algal processing. They were, however, not included in the statistical analysis of the pooled 'other' taxa uptakes between the treatments, as this would have skewed the results to only reflect the echinoderm uptake from this single measurement. The bivalve and pooled 'other taxa' uptakes were thus not significantly different between treatments, whereas polychaetes took up more ice algal C (p = 0.086) and crustaceans both phytoplankton C (p = 0.065) and N (p < 0.05; Table 2 ).
In LS, the biomass-specific uptake in ice algae cores was dominated by crustaceans, and their uptake of ice algal C and N was significantly higher than uptake of phytoplankton (Fig. 3, Table 3 ). Echinoderms dominated the phytoplankton uptake, but no statistical comparisons between treatments could be made due to low sample size. The C uptake of polychaetes was not different between the treatments, but phytoplankton-derived N uptake was higher compared to ice algae (p = 0.073; Table 3 ). Additionally, bivalve biomass-specific uptakes of C (p = 0.071) and N (p = 0.007) were significantly higher in phytoplankton cores compared to ice algae cores.
At both sites, spionids dominated the biomassspecific uptake of both ice algal and phytoplankton C and N (Fig. 4) . The Family Sabellidae was additionally important in algal uptake at both sites, whereas Families Orbiniidae and Chaetopteridae were significant in NOW and LS, respectively. In NOW, no significant differences in spionid C and N uptake between the treatments were found (Table 2) . In LS however, phytoplankton-derived N was more readily assimilated by the spionids (Table 3) .
FF/SDF and FF dominated the biomass-specific uptake of both algal types at both sites, and contributions of other feeding guilds were negligible (Fig. 5) . In NOW, no statistically significant differences between the biomass-specific uptakes of ice algae and phytoplankton were found for any of the feeding guilds (Table 2 ). In LS, the FF/SDF (p < 0.05) and P/S (p = 0.093) uptakes of phytoplankton N were, however, sig nificantly higher than the uptake of ice algae (Table 3) . 
Biomass-specific C:N uptake ratio
Macrofaunal preference for N and C was assessed using the ratio of biomass-specific C to biomassspecific N uptake (Fig. 6) . In NOW, the biomassspecific C:N uptake ratio of major taxa ranged between 0.5 and 1.4, and in LS the range was 0.6 to 2.2. In relation to the ice algae and phytoplankton C:N ratios (3.95 and 3.52 for ice algae and phytoplankton, respectively), all taxonomic groups appeared to be N-limited and showed a preferential N uptake compared to C. Fig. 3 . Mean (± SE) total and biomass-specific ice algae and phytoplankton-derived C (a−d) and N (e−h) uptake by major taxa in North Water Polynya (NOW; a,c,e,g) and Lancaster Sound (LS; b,d,f,h). #: Taxon was only found in one of the treatments. Differences in uptake between the treatments were determined using an independent samples t-test or a Mann-Whitney U-test (details in Tables 2 & 3); significant differences are indicated with asterisks: *p < 0.10; **p < 0.05. Note differences in y-axis scales . Mean (± SE) total and biomass-specific ice algae and phytoplankton-derived C (a−d) and N (e−h) uptake by polychaete families at North Water Polynya (NOW; a,c,e,g) and Lancaster Sound (LS; b,d,f,h). 'Other': to pooled rare polychaete families (NOW: Capitellidae, Syllidae, Phyllodocidae and Opheliidae; LS: Acrocirridae, Capitellidae, Cossuridae, Flabelligeridae, Orbiniidae and Terebellidae). Cir: Cirratulidae; Cos: Cossuridae; Lumb: Lumbrineridae; Neph: Nephtyidae; Sab: Sabellidae; Spio: Spionidae; Para: Paraonidae; Or: Orbiniidae; Ter: Terebellidae; Amph: Ampharetidae; Mal: Maldanidae; Sph: Sphaerodoridae; Syl: Syllidae; Chae: Chaetopteridae. #: family only present in one of the treatments. Differences in Spionidae uptake between treatments were determined using an independent samples t-test; significant differences are indicated with asterisks: *p < 0.10; **p < 0.05. Note differences in y-axis scales
DISCUSSION
Responses of macroinfauna to OM pulses
The responses of the macroinfaunal communities to the pulse of phytodetritus were rapid: virtually all animals in the experimental cores had ingested the added phytodetritus during the 4 d incubation period. All fauna were thus feeding during the experiments, despite receiving naturally deposited phytodetritus food earlier in the season. This rapid response is in agreement with previous studies that have shown macrofauna to have an important role in the initial processing of OM deposited on the sea floor (Graf 1989 , Blair et al. 1996 , Witte et al. 2003b , Kamp & Witte 2005 , Gontikaki et al. 2011 . Due to the similarities between the macroinfaunal community compositions at the NOW and LS study sites and the more comprehensive infaunal community inventories by Lalande (2003) , the results of the present study are likely to be a good representation of the regional faunal communities and their responses to food pulses. The majority of C and N processing at both stations was due to polychaetes and bivalves, known for their sediment processing capacity (Lopez & Levinton 1987 , Sun et al. 1999 . Additionally, surface deposit feeders with first access to sinking food are usually the most significant processors of newly deposited OM (Bender & Davis 1984 , Levin et al. 1999 , Aberle & Witte 2003 . Here the dominant polychaete, bivalve and crustacean species found at the study sites are all facultative filter/surface deposit feeders (Mäkelä et al. unpubl. data) , and their high abundance, as well as feeding mode, was reflected in . Mean (± SE) total and biomass-specific ice algae and phytoplankton-derived C (a−d) and N (e−h) uptake by macro infaunal feeding guilds in North Water Polynya (NOW; a,c,e,g) and Lancaster Sound (LS; b,d,f,h). Differences in uptake between the treatments were determined using an independent samples t-test or a Mann-Whitney U-test (details in Tables 2 & 3 ); significant differences are indicated with asterisks: *p < 0.10; **p < 0.05. FF/SDF: facultative filter/surface deposit feeder; FF: filter feeder; SDF: surface deposit feeder; P/S: predator/scavenger; SSDF: subsurface deposit feeder. Note difference in y-axis scales the high C and N uptake by this feeding guild overall. The role of other feeding guilds, namely SSDF and P/S, in the immediate processing of phytodetritus was small. There is, however, usually a time lag before food is mixed into the deeper sediment layers and becomes available to SSDF (Levin et al. 1999) , and therefore significant uptake by SSDF after a 4 d incubation was not likely. Carnivorous macrofauna similarly have a delayed access to the freshly deposited C source (Kamp & Witte 2005) , as the tracer first must be assimilated by suitable prey items before it can be transferred to higher consumers. The macroinfauna consistently consumed more algae at the NOW station compared to LS, with an uptake nearly twice as high for most measurements. As the algal dose added to the cores reflected local C export at the 2 study sites, part of the difference is probably due to the higher absolute dose of algae added at NOW, known to enhance benthic activity (Morata et al. 2013) . Additionally, macrofaunal biomass is higher at NOW than LS (Mäkelä et al. unpubl. data) , which is also likely to contribute to the difference observed. As far as we are aware, the measurements from the 2 study locations provide the first direct quantification of benthic macroinfaunal uptake of fresh algae for the Arctic Ocean. However, this study only provides a snapshot of immediate OM processing after food addition. Seasonality of benthic processes (oxygen consumption, respiration, nutrient fluxes, food uptake) has been shown to be prominent, with highest rates observed straight after a pulse of food to the seafloor during spring or summer (Rysgaard et al. 1998 , Brockington et al. 2001 , Renaud et al. 2007 ). This has also been confirmed experimentally by studies that have shown that the majority of macrofaunal activity stimulated by a food pulse takes place immediately after food addition (Witte et al. 2003a , McMahon et al. 2006 , Sun et al. 2007 , Gontikaki et al. 2011 . The responses seem short-lived, with consumption and respiration rates returning to background levels in 19 d (McMahon et al. 2006) or even after 7 d as indicated by levels of biomarkers in the sediments (Sun et al. 2007 ). The short duration of our experiments might also not have allowed for the C and N to be fully incorporated into the faunal tissues due to their metabolic rate (Fry 2006) and a fraction of the ingested algae is still probably part of the faunal gut content. This material is also incorporated into the uptake measurement, even if some of it could ultimately be directed towards other metabolic pathways. Therefore the ice algae and phytoplankton uptake rates measured here represent maximum estimates for benthic macroinfauna, and extrapolating these re sults to long-term processing should be done with great caution, as this may overestimate the role of macroinfauna in the annual C cycling (Woulds et al. 2009 ). On the other hand, the experiments only measured uptake of the added algal C and N, and did not assess how much other food the animals might have consumed. As the addition of labile food sources can trigger uptake of preexisting degraded OM in the sediments (Guenet et al. 2010) , it is possible that the fauna met their energetic requirements by ingesting other food sources besides what was deliberately added to the cores. Our hypothesis was, however, set to only test differences in uptake of the added algal sources, and assessing contributions of other food sources is beyond the scope of this study. Still, the macroinfaunal C uptake rates here appear to exceed previous measurements from incubations carried out on Norwegian fjords sediments (688 to 1200 m, at 7°C) (Witte et al. 2003a , Sweetman & Witte 2008 . Despite the cold bottom water temperatures that are known to slow down macrofaunal OM processing (Moodley et al. 2005) , Arctic benthic macrofaunal communities can be equally active in their short-term C uptake as their temperate counterparts. The biomass-specific C:N uptake ratios of all major taxa investigated in this study fall below the C:N ratio of both ice algae and phytoplankton, suggesting that the taxa investigated are N limited. Faunal feeding thus appears to be driven by preferential N uptake as the macrofauna try to maximize their assimilation of algal N to balance their internal nutrient budgets. Deep-sea macrofauna have previously been shown to adjust their feeding habits to meet their N requirements (Hunter et al. 2012) , and similar decoupling of C and N uptake was also prevalent here. The dual labelling thus proved to be a useful method for elucidating the role of internal nutrient demand in controlling macrofaunal uptake of different compounds. But as the C:N ratios of the ice algae and phytoplankton used in the experiments were similar, the uptake of one type of algae or the other should not be driven by the algal N content itself. However, the C:N ratios of the algae used in the experiments (3.95 for ice algae and 3.52 for phytoplankton) appear lower than the 5.8 to 8.9 re ported for the natural, often nutrient limited, phytoplankton communities in NOW (Tremblay et al. 2002 , Mei et al. 2005 . The higher nutritional quality of the algae used in the experiments, compared to the algae growing in situ, could therefore have further stimulated macrofaunal uptake compared to natural setting. Furthermore, in the natural setting the phytodetritus can be degraded by water column bacteria while sinking to the seafloor (Roy et al. 2015) . Intact algal cells, however, form a majo rity of the export flux in NOW during early spring when most algal export to the seafloor takes place (Hargrave et al. 2002 , Huston & Deming 2002 , Michel et al. 2002a . The bulk of the food that ar rives to the seafloor is thus relatively fresh, similar to the added algae, and utilization of laboratory grown algae should not have significantly impacted the outcome of the experiments.
Finally, assimilation of algal C and N by the fauna is a minority pathway for the processing of ingested OM and the majority of the food is often directed towards respiration (McConnaughey & McRoy 1979 , Hunter et al. 2012 ). While we did not measure faunal respiration rates in this study, the consumption of ice algae and phytoplankton are broadly indicative of the overall trends in respiration of algal-derived C and N as well. As the food first has to be ingested before being respired, the significant differences in uptake rates between treatments are probably also reflected in the respiration rates. Additionally, the role of bacteria in processing of the deposited OM can be significant (Gooday 2002 , van Oevelen et al. 2006 , Sun et al. 2009 , Mayor et al. 2012 . To fully evaluate the effect of ice algae and phytoplankton on sediment community functioning. The microbial utilization of algae should also be explored.
Whole macroinfaunal community ice algae and phytoplankton uptake trends
As discussed above, the measurements of the macro infaunal total C and N uptake are useful for assessing the ecological role of fauna in sediment OM processing. Biomass-specific uptake is, however, more robust for testing the hypothesis of differential processing of ice algae and phytoplankton by macrofauna, as it takes into account the variability between core community biomass. The following discussion on the patterns of macrofaunal feeding is therefore based on the biomass-specific uptake results.
In contrast to our original hypothesis, the benthic community ice algal and phytoplankton uptake patterns obtained from the 2 experiments were not the same. We expected ice algae to be more readily taken up at both sites, but interestingly, the 2 faunal communities showed opposite responses to the 2 food types. Overall, the macroinfaunal community at the NOW site appeared to process ice algae more readily, but only the C uptake was significantly different between the treatments. In LS on the other hand, the uptake of phytoplankton C and N was higher than uptake of ice algae. Previous feeding experiments have either found that benthic consumers preferred ice algae or non-preferentially consumed both food items (McMahon et al. 2006 , Sun et al. 2007 , and the results of our study are the first to show that the uptake of phytoplankton by benthic macrofauna can exceed rates of ice algal uptake. The different responses of the LS and NOW communities to ice algae and phytoplankton suggests that additional environmental factors, rather than food type alone, drive the macroinfaunal community food selection. To understand these underlying reasons, the individual taxa must be examined in more detail.
Ice algae and phytoplankton uptake by specific taxa
The responses of the macroinfauna to ice algae and phytoplankton were surprisingly divergent, often exhibiting completely opposite trends between the sites but also within the taxa studied. Of the main taxa, crustaceans took up more ice algae in LS, but preferred phytoplankton in NOW, whereas polychaetes took up more phytoplankton N in LS, but selected more ice algal C in NOW. Bivalves took up more phytoplankton in LS, but no difference in the algal uptakes was observed in NOW. Therefore the hypothesis that ice algae is the preferred food, which is reflected in a higher rate of uptake compared to phytoplankton, must be rejected based on the 2 experiments.
As many of the polychaetes were only encountered once, or in just one of the treatments, differences in the uptake of the 2 food types by specific polychaete families or species could not be assessed. The only family for which the uptake between the treatments could be compared and differences between the sites contrasted was the facultative FF/SDF Spionidae. This family was abundant at both sites, and the ma jority of individuals belonged to the species Priono spio cirrifera (Mäkelä et al. unpubl. data) . The significance of this single family, or even species, to algal uptake in the experimental cores was unparalleled: the spionids were responsible for 64% of the total phytoplankton and 62% of total ice algae uptake by the benthic fauna in LS, and 54% of the ice algae and 36% of the phytoplankton uptakes by fauna in NOW, with confirmed P. cirrifera individuals taking up 34 to 40% of all algal C in the experimental cores. Other studies have similarly observed a single or a few polychaete species (amphinomid Linopherus sp. in Arabian Sea oxygen minimum zone and nereid Ceratocephale sp. and maldanid Praxillella sp. in the North Carolina slope) dominating deep-sea sediment OM processing (Levin et al. 1997 , Woulds et al. 2007 , acting as ecosystem engineer species similarly to P. cirrifera. Whereas Linopherus sp. was rather inefficient in their biomass-specific OM uptake, dominating the overall processing mainly due their high biomass (Woulds et al. 2007 ), the Praxillella sp. exhibited processing rates greater than their biomass or abundance might suggest (Levin et al. 1997) . The spionids in this study also dominated the biomassspecific uptake, suggesting they are highly efficient in algal uptake. In general, spionids utilized both algal types equally at both sites, except in LS where they had a higher biomass-specific uptake for phytoplankton-derived N compared to ice algae. Due to the significant role of spionids in the uptake of algae overall, their high rates of phytoplankton processing at LS is the main driver for the entire community uptake pattern observed.
Similarly to spionids, bivalves also took up more phytoplankton in LS, whereas in NOW they fed on both food types equally. It is difficult to say exactly what the reasons behind the differences are, but the environmental conditions at LS could influence the faunal feeding mode, consequently impacting food selection. LS is known for having high current velocities (Thomson 1982) , which helps to support a high biomass of filter feeding taxa that utilize the currents to obtain particles suspended in the water column (Thomson 1982 , Deubel 2000 , Degen et al. 2015 . Interestingly, spionids, as well as Thyasiridae bivalves, the most abundant bivalve taxon at LS (Mäkelä et al. unpubl. data) , are known to switch from deposit-to filter feeding mode with elevated current speeds (Taghon et al. 1980 , MacDonald et al. 2012 . Filter feeders usually preferentially feed on phytoplankton, which are more often suspended in the overlying water and thus easier to ingest than large aggregations of ice algae (McConnaughey & McRoy 1979 , Hobson et al. 1995 , McMahon et al. 2006 . If the environmental conditions at LS promote a filter feeding mode, it could be that the facultative filter feeding spionids and bivalve taxa are more accustomed to feeding on phytoplankton, which might also be reflected in their behavior during the experiments. Furthermore, no differences in the uptake of either food by any of the feeding guilds at NOW was seen, whereas at LS the FF/SDF took up more phytoplankton than ice algae. This also suggests a link between the feeding behavior and food selection of FF/SDF taxa. Interestingly, previous feeding experiments have shown that bivalves have a preference for ice algal food (McMahon et al. 2006 , Sun et al. 2009 ), but the species used in these studies were all classified as either obligate or facultative surface deposit feeders. The selective filter feeding mode in LS could therefore not only explain the high phytoplankton uptake rates of bivalves, but also ex plain the discrepancy with other studies suggesting ice algae preference.
Previous feeding experiments have shown that benthic crustaceans consume both ice algae and phytoplankton equally (Sun et al. 2009 ), but in our study the crustaceans showed a clearly elevated uptake of one food item compared to the other, although which food item was more readily taken up depended on the site. The crustacean taxa dominant at the 2 sites (Leuconidae in NOW and Diastylidae in LS; Mäkelä et al. unpubl. data) are both generalist feeders that have the ability to utilize varied food sources. However, previous studies have identified pelagic phytodetritus as the main food source for polar cumaceans, al though their food utilization mainly reflected resource availability rather than active food selection (Blaze wicz-Paszkowycz & Ligow ski , Würzberg et al. 2011 ). Due to differences in taxonomic compositions between the sites, we cannot ignore the possibility that the differential uptake of the added ice algae and phytoplankton reflects species-specific preferences. The similar background tissue δ 13 C signatures of leuconids and diastylids in NOW and LS, however, suggests that phytoplankton was the shared main food source at both sites (Mäkelä et al. unpubl. data) . Therefore, species-specific selectivity is an unlikely explanation for the observed divergent patterns of added algae consumption. Omnivorous sympagic amphipods have, however, been shown to alter their food preferences to reduce intra-and interspecific competition (Poltermann 2001) , and a similar strategy could also offer an explanation for the differences seen here. The crustaceans, which have a lower total uptake compared to the other taxa in the experimental cores, might feed on the less utilized resource at each station to reduce competition. This could explain why their uptake of ice algae was higher than uptake of phytoplankton in LS, where the other taxa utilized more phytoplankton, and vice versa for NOW. Additionally, it has been suggested (Sun et al. 2009 ) and observed (Graeve et al. 2005) that Arctic crustaceans (copepods and amphipods) are able to de novo biosynthesize certain fatty acids they do not obtain from food. If this is the case for other crustaceans too, it might explain why they are less attracted to higher quality food if more effort is required to obtain it, thus supporting the idea that benthic crustacean feeding is unrelated to the availability of specific food items (Sun et al. 2009 ).
CONCLUSIONS
The objectives of this study were to (1) quantify the uptake of ice algae and phytoplankton by the benthic macroinfaunal communities, (2) investigate differences in faunal food utilization and (3) examine spatial differences in the responses to ice algae and phytoplankton. The results show that a pulse of OM to the seafloor triggered an immediate response by benthic macroinfauna, regardless of the type of OM added. The fauna efficiently utilized both ice algae and phytoplankton as a food source, and overall algal C and N uptake rates appear higher in the Arctic sediment than in temperate deep sea sites. Despite previous studies suggesting macrobenthic communities and individual species either prefer ice algae or non-preferentially consumed both ice algae and phytoplankton, this study is the first to report a higher uptake of phytoplankton compared to ice algae by several Arctic macroinfaunal groups. Individual taxa exhibited great dietary plasticity, and the dominant taxa appeared to change their feeding behavior and food utilization opportunistically to accommodate changes in environmental conditions. Importantly, no taxa exclusively took up significantly more ice algae than phytoplankton, which is a significant finding considering the availability of ice algal food to benthic consumers is likely to decrease in the future. If increasing rates of PP lead to enhanced food availability to benthic consumers, the Arctic benthic macroinfaunal communities could benefit from the proposed projected changes to the quality and the quantity of OM reaching the seafloor. It should, however, be highlighted that these 2 incubation experiments are the first of their kind to be performed in the Canadian Arctic or in Arctic deep-sea environments. Since only 2 experiments generated such contrasting results, it is impossible to make meaningful predictions on how well these findings could be applied locally and ultimately to other Arctic seafloor environments. Additionally, in order to fully understand the impacts of the shift from ice algae to phytoplankton food on benthic functioning as a whole, future work should involve quantifying the rates of other nutrient cycling processes such as respiration, and identifying the role of each benthic compartment in them. However, the results do provide an indication of the adaptability of the seafloor communities to predicted changes in their food supply, which could help safeguard them against the im pacts of climate change.
